We have performed systematic first-principles calculations for the structural and electronic properties of chalcopyrite semiconductors AgGaS 2 , AgGaSe 2 , CuGaS 2 , CuGaSe 2 , and their alloys. We show that, in contrast to conventional semiconductors, the band structures of these compounds exhibit several anomalous behaviors: ͑i͒ The band gaps of AgGaX 2 are larger than the corresponding CuGaX 2 ͑X = S and Se͒ compounds, despite the lattice constants of AgGaX 2 being much larger than for CuGaX 2 . ͑ii͒ The valence band offsets between common-anion pairs CuGaX 2 / AgGaX 2 are large and negative ͑i.e., CuGaX 2 has higher valence band maximum than AgGaX 2 ͒, opposite to their II-VI analogs. ͑iii͒ The valence band offsets between M I GaS 2 / M I GaSe 2 ͑M I = Cu, Ag͒ are significantly smaller than their II-VI analogs. ͑iv͒ The band gap bowing parameters for the common-anion alloys are larger than the common-cation alloys, following the same trend as the valence band offsets. Moreover, we find that the wave function localization of the conduction band minimum states at the group III site plays an important role on the band gap reduction of the chalcopyrites relative to their binary analogs. The origin of the band structure anomalies observed in this system is explained in terms of the atomic sizes and chemical potentials and the increased structural and chemical freedom of these ternary compounds.
I. INTRODUCTION
The I-III-VI 2 ternary compounds are isoelectronic with the zinc-blende II-VI semiconductors. 1 For example, CuGaX 2 ͑X = S and Se͒ are the ternary analogs of the binary compounds ZnX, and AgGaX 2 are the ternary analogs of the pseudobinary compounds Cd 0.5 Zn 0.5 X. These I-III-VI 2 ternary compounds have two types of cations and crystallize in the tetragonal chalcopyrite structure, which could be considered as a ͑2,2͒ zinc-blende superlattice along the ͗201͘ direction. Considerable interest has been shown in these chalcopyrite compounds and their alloys due to their important technological applications in nonlinear optics, light-emitting diodes, and solar cells. [1] [2] [3] [4] [5] Recently, the ͑Cu, Ag͒GaX 2 alloy system has attracted much attention, because these materials have direct band gaps between 1.68 and 2.65 eV, which is in the range desirable for applications in solid state lighting 6 and high-efficiency tandem solar cells. 7 AgGaSe 2 in the epitaxially stabilized CuAu phase is also proposed as a highefficiency spin-polarized electron source due to its relatively large spin-orbit ͑SO͒ and crystal field ͑CF͒ splittings. 8, 9 Furthermore, due to the added chemical and structural freedom of these compounds relative to their II-VI analogs, the ͑Cu, Ag͒GaX 2 system exhibits some abnormal chemical trends. For example, these chalcopyrite compounds not only have large downward shifts in the band gap relative to their binary analogs, but the band gaps of AgGaX 2 ͑2.65 and 1.81 eV for X = S and Se͒ 10 are also larger than the corresponding CuGaX 2 ͑2.43 and 1.68 eV for X = S and Se͒, 10 despite that the lattice constants of AgGaX 2 are larger than for CuGaX 2 . This is quite surprising because for all commonanion binary semiconductors and most of the chalcopyrites, when the cation atomic size increases, the band gap always decreases. For example, the band gap of CdS at 2.6 eV is significantly smaller than the band gap of ZnS at 3.8 eV. 10 The band gap of CuInSe 2 at 1.04 eV is also smaller than CuGaSe 2 at 1.68 eV. 10 This unusual behavior also suggests that when Ag x Cu 1−x GaX 2 alloys are formed, the band gap of the alloy can decrease together with the lattice constant, which can have important implications for the band gap engineering of lattice-matched superlattice devices. 7, 11 However, the origin of these unusual behaviors for the ͑Cu, Ag͒GaX 2 system has not been fully discussed. It is unclear how much of the band gap reduction relative to the binary analog is due to the change in the valence band maximum ͑VBM͒ or conduction band minimum ͑CBM͒. It is also unclear quantitatively how the band gap varies as a function of the alloy concentration x. The simple phenomenological model of Tinoco et al. 12 suggested that the optical bowing coefficients for Ag x Cu 1−x GaX 2 should be small because Cu and Ag have similar electronegativities. However, previous experimental studies 13, 14 have shown that Ag x Cu 1−x GaX 2 alloys may have large optical bowing, especially for the sulphide alloys.
To understand the band structure anomaly in this chalcopyrite system, we have systematically performed firstprinciples band structure and total energy calculations for AgGaS 2 , AgGaSe 2 , CuGaS 2 , CuGaSe 2 , and their commonanion and common-cation alloys. Our calculated equilibrium structural parameters and bulk moduli are in good agreement with experimental data. For the band structure, we find the following: ͑i͒ The band gaps of AgGaX 2 are larger than the corresponding band gaps of CuGaX 2 , consistent with experimental observations. ͑ii͒ The level repulsion between the anion p and the noble metal d states plays an important role in understanding the band gap reduction of the chalcopyrites relative to their binary analogs, consistent with previous understanding. [15] [16] [17] [18] However, we also find that the wave function localization of the CBM states at the group III Ga site, 19 and the displacement of the anion away from the ideal zinc-blende site, 20 are important in explaining the band gap anomalies in this system. ͑iii͒ The valence band offsets between the common-anion pairs CuGaX 2 / AgGaX 2 are large and negative ͑i.e., CuGaX 2 has higher VBM than AgGaX 2 ͒, opposite to their II-VI analogs where CdX has higher VBM than ZnX. 21 ͑iv͒ The valence band offsets between M I GaS 2 / M I GaSe 2 ͑M I = Cu, Ag͒ are smaller than their II-VI analogs. ͑v͒ The band gap bowing parameters for the common-anion alloys are larger than the common-cation alloys, following the same trend as the valence band offsets. In the following, we will describe our calculation methods and discuss the origin of the anomalies observed in this system.
II. CALCULATION METHODS
The band structure and total energy calculations are performed using the density functional theory as implemented in the plane wave VASP code. 22, 23 For the exchangecorrelation functional, we used the generalized gradient approximation ͑GGA͒ of Perdew and Wang, known as PW91. 24 The valence electron configurations used in our calculations are Cu͑3d 10 ,4s 1 ͒, Ag͑4d 10 ,5s 1 ͒, Ga͑3d 10 ,4s 2 ,4p 1 ͒, S͑3s 2 ,3p 4 ͒, and Se͑4s 2 ,4p 4 ͒. The interaction between the core electrons and the valence electrons is included by the standard frozen-core projector augmented-wave ͑PAW͒ potentials provided within the VASP package. 25, 26 An energy cutoff of 300 eV was applied in all cases. For the Brillouin zone integration, we used the k-point meshes that are equivalent to the 4 ϫ 4 ϫ 4 Monkhorst-Pack k-point meshes 27, 28 in the zinc-blende Brillouin zone.
The valence band offset ⌬E v ͑ABX 2 / AЈBX 2 Ј͒ is calculated following the same procedure as in the core-level photoemission measurement, 29, 30 where the valence band offset is defined as
Here,
͑2͒
is the core level to valence band maximum energy separations for ABX 2 ͑with similar expression for AЈBX 2 Ј͒, and
is the difference in core level binding energy between ABX 2 and AЈBX 2 Ј on each side of the interface, which can be obtained from the calculation of an ͑ABX 2 ͒ n / ͑AЈBX 2 Ј͒ n ͑001͒
superlattice. In our calculation, we construct a ͑2 ϫ 2͒ ͑001͒ superlattice, where all the structural parameters are fully relaxed. To obtain the conduction band offsets ⌬E c , we use the relationship
where ⌬E g is the measured band gap difference between ABX 2 and AЈBX 2 Ј.
To calculate the formation energy and optical bowing parameters of the random chalcopyrite alloys of Ag x Cu 1−x GaX 2 and M I Ga͑Se x S 1−x ͒ 2 , we used the more efficient special quasirandom structures ͑SQS͒ approach. 31, 32 In the SQS approach, instead of occupying the mixed-atom sites of a huge unit cell randomly to gain statistical significance, a relatively smaller unit cell is used, in which the mixed-atom sites are occupied in a way that the physically most relevant structural correlation functions ⌸ k,m for atomic clusters ͑k , m͒ with k vertices and up to the mth neighbor are closest to the exact values in an infinite random alloy ͓⌸ k,m = ͑2x −1͒ k ͔. Because the physical properties of an alloy are uniquely determined by its atomic structure, the SQS that mimic the atomic correlation function of a random alloy should also have physical properties similar to the random alloy.
In this study, we construct SQS containing 64 atoms in the unit cell. The lattice vectors are Table I , and their structural correlations function ⌸ k,m is given in Table II , compared with ideal random alloy correlation functions. As can be seen, the quality of the SQSs used in this calculation is reasonably good.
III. RESULTS OF THE TERNARY COMPOUNDS

A. Structural parameters and bulk moduli
The M I GaX 2 compounds studied here crystallize in the tetragonal chalcopyrite structure ͑Fig. 1͒, with space group I42d ͑D 2d 12 ͒. This structure can be described by three structural parameters: the lattice constant a, the tetragonal ratio = c /2a, and the anion displacement u. The u parameter is related to the two types of anion-cation bond lengths by
where R M I -X and R Ga-X are the bond lengths of M I -X and Ga-X, respectively. In the ideal structure with equal M I -X and Ga-X bond lengths, u = 0.25. If u is larger than 0.25, anion atom X is displaced from the noble metal side toward the Ga side.
To obtain the equilibrium structural parameters, we first search at each volume the lattice vectors and atomic positions that give the minimum total energy. The calculated total energies as a function of the volume are then fitted to Murnaghan's equation of states ͑EOS͒ 33 to obtain the equilibrium volume and the corresponding lattice parameters, the bulk modulus B 0 , and the pressure derivative of the bulk modulus BЈ. The calculated structural parameters are listed in Table  III . We find that the calculated lattice constants are slightly larger than the experimental values, 1 as found in most GGA calculations. The calculated u parameters also agree well with the experimental data, 1, 34 considering that accurate experimental determination of the u parameter is rather difficult. The calculated bulk moduli B 0 are systematically smaller than the experiment values. This is mostly related to the slight overestimation of the equilibrium volume in the GGA calculation. To correct this error, we have also given in Table III the calculated bulk moduli at the experimental volume ͑shown in parentheses͒ using the formula of Murnaghan's EOS
where P͑V exp ͒ is the calculated pressure at the experimental volume V exp . We see that after this correction, the calculated Figure 2 describes schematically how the band structure of the chalcopyrites are evolved from the zinc-blende analogs. 40 For direct-gap zinc-blende semiconductors with T d symmetry, such as for ZnS and ZnSe, VBM is a bonding triply degenerate ⌫ 15 state, composed of mainly the anion p and cation d orbitals ͓Fig. 3͑d͔͒, whereas CBM is an antibonding ⌫ 1 state, composed of mainly cation s and anion s orbitals ͓Fig. 3͑c͔͒. In chalcopyrites with the lower D 2d symmetry, the triply degenerate ⌫ 15 VBM state splits into nondegenerate ⌫ 4v and doubly degenerate ⌫ 5v states. 16, 40 The crystal field splitting ⌬ CF = E͑⌫ 5v ͒ − E͑⌫ 4v ͒ is defined as positive if the ⌫ 5v states lie above the ⌫ 4v state. When the spinorbit interactions are included, the ⌫ 5v levels split further into two levels, ⌫ 6v and ⌫ 7v , and the nondegenerate ⌫ 4v state transforms into another ⌫ 7v state. The spin-orbital splitting ⌬ SO can be obtained by fitting the calculated energy levels to the quasicubic model of Hopefield. 41, 42 For the four compounds studied here, the calculated ⌬ CF and ⌬ SO are also listed in Table III . We see that they are in good agreement with available experimental data. We find the following: ͑i͒ All four compounds have negative ⌬ CF , because the = c /2a ratios for these compounds are less than one. The two Ag compounds have large negative ⌬ CF , because their ratios have larger deviation from unity. ͑ii͒ The ⌬ SO for these chalcopyrite compounds are small compared to their II-VI analogs ͑ϳ0.4 eV for selenides and 0.1 eV for sulphides͒. This is because the VBM in chalcopyrite compounds contains much more cation d orbital component ͓Fig. 3͑b͔͒ than in its II-VI analogs.
Our GGA-calculated band gaps for the four chalcopyrite compounds are also shown in Table III . We see that GGA severely underestimated the band gaps. However, the general chemical trend of the band gap variation is reproduced in the GGA calculations, i.e., the band gaps of the sulphides are larger than the selenides, and the band gaps of the Ag compounds are larger than the Cu compounds. The band gaps of the chalcopyrite compounds are also much smaller than the corresponding II-VI analogs. 10 In the past, 15, 16, 29, 43, 44 the large reduction of the band gap of the chalcopyrites relative to their II-VI analogs are mostly attributed to the larger p-d coupling in the chalcopyrites, because the group I noble metals Cu or Ag have much higher d orbital energies ͑Table IV͒, and the coupling is inversely proportional to the energy separation between the anion p and cation d energy states. This is clearly seen in Figs. 3͑b͒ and 3͑d͒ , where the VBM of the CuGaSe 2 contains much more Cu d orbital character than Zn d orbital character for ZnSe. However, Fig. 3͑a͒ also shows that the CBM of CuGaSe 2 is more localized on the Ga site. Because the Ga 4s orbital energy is deeper than the Zn 4s orbital energy ͑Table IV͒, this suggests that the CBM of the chalcopyrites is lower in energy than the II-VI analog, thus also contributing to the band gap reduction. To study this effect more quantitatively, we have calculated the band offsets ͑see below͒ between ZnX / CuGaX 2 , as shown in Fig.  4͑a͒ . We see that for X = S and Se, the CBMs of the chalcopyrites are indeed lower than their II-VI analogs and about one-quarter of the band gap reduction from II-VI to its chalcopyrite analogs is due to the lowering of the CBM.
One interesting observation from our calculations, which is consistent with experimental data, is that AgGaX 2 has a larger band gap than CuGaX 2 . This is quite unusual, because AgGaX 2 has larger lattice constants than CuGaX 2 and, in common-anion binary semiconductors and other chalcopyrites, the band gap decreases when the lattice constant increases. This band gap anomaly could be explained as follows: ͑i͒ As we discussed above, the p-d level repulsion between noble metal d and anion p states pushes up the VBM, reducing the band gap. Cu has shallower d orbital energy ͑Table IV͒ and smaller atomic size, so p-d repulsion is much larger in CuGaX 2 than in AgGaX 2 . Indeed, when we perform a linearized augmented plane wave ͑LAPW͒ 45 calculation and remove the cation d orbitals from the basis functions, we find that CuGaX 2 has a larger band gap than AgGaX 2 . ͑ii͒ Ag is much larger than Cu. So, for AgGaX 2 the anion is pushed away from Ag toward Ga, giving a large u parameter. This anion displacement lowers the VBM because the increased M I -X bond length reduces the p-d repulsion. This displacement also moves up the CBM, because the CBM state is more localized on the Ga site, so the reduced Ga-X bond ͑with respect to the ideal u =1/4 position͒ moves up the antibonding CBM state. To show this more quantitatively, we have calculated dE g / du for the four compounds studied here and the results are listed in Table III . We see that dE g / du is very large for these compounds, indicating that the band gap is very sensitive to the displacement. Indeed, if AgGaX 2 is calculated at the same u parameter as CuGaX 2 , its band gap is smaller than that of CuGaX 2 .
The fact that M I GaSe 2 has a smaller band gap than M I GaS 2 follows the common rule of the conventional semiconductors. Se has higher p orbital energy than S ͑Table IV͒, so the VBM in selenides is higher than in sulfides, although the stronger p-d hybridization in sulfides reduces the difference. 29 Se also has a lower s orbital energy level ͑Table IV͒ and larger atomic size, so the antibonding CBM state has a lower energy in selenides. Therefore, as a whole, the band gap of selenide is smaller than the corresponding sulphide. 
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C. Band offsets
The above analysis can be seen more clearly and quantitatively from the calculated band offsets between M I GaX 2 ͑M I = Cu and Ag, X = S and Se͒ using the method described in Sec. II. The results are shown in Fig. 4 .
For common-anion chalcopyrites, CuGaX 2 / AgGaX 2 , the band alignment is "type II," that is, the VBM is higher on the Cu compound side and the CBM is lower on the Ag compound side. The valence band offset is unusually large and negative, indicating that in this chalcopyrite system, the valence band offsets not only do not obey the common-anion rule, which states that the valence band offset for the common-anion system should be small, they also have an opposite sign compared to their II-VI analogs. This is because in most conventional common-anion semiconductors, the VBM is mainly a p-p bonding state. Because the cation p orbital energies are similar for atoms in the same column ͑Table IV͒, the bonding VBM state of the one with a smaller lattice constant is pushed down more than the large lattice constant one, so the VBM of the small lattice constant is usually slightly lower. 30 However, for the chalcopyrite system studied here, the VBM has large antibonding p-d characters, which push the VBM up. 30 As discussed above, the p-d coupling in Cu compounds is much stronger than Ag compounds, caused partly by the smaller p-d energy difference and partly by the smaller bond length, so the VBM of the Cu compounds are pushed up more than the Ag compounds. This explains why Cu compounds have higher VBM than the corresponding Ag compounds. On the other hand, the CBMs of the Ag compounds are lower because Ag has a larger atomic size than Cu, which reduces the s-s level repulsion between Ag and anions. 30 It is interesting to note that for mixed group III common-anion chalcopyrites, such as CuAlSe 2 , CuGaSe 2 , and CuInSe 2 , previous calculation 29 showed that of their valence band offsets follow closely the common-anion rule and the band alignment is type I.
For the common-cation pairs, the M I GaS 2 / M I GaSe 2 alignment is type I. The valence band offset reflects the large difference between anion p orbital energies of sulphur and selenium ͑Table IV͒. However, because the sulfides with low p orbital energy also have larger p-d repulsion, the difference between the p orbital energy in this chalcopyrite system is reduced compared to its II-VI analogs. 29, 30 Moreover, because the Cu compounds have larger p-d coupling, the VBM offset in the Cu pairs ͑0.17 eV͒ is smaller than in the Ag pairs ͑0.27 eV͒. Because the Ga-Se bond length is also larger than the Ga-S bond length, the antibonding CBM state is lower on the selenide side.
IV. RESULTS OF CHALCOPYRITE ALLOYS
Early experimental studies and theoretical calculations show that many physical properties P of semiconductor alloy A x B 1−x as a function of x follow the quadratic rules as follows:
where b P is the so-called bowing parameter. In the following, we will calculate the bowing parameters for the lattice constants, anion-cation bond lengths, band gaps, and the formation energies.
A. Lattice constant and bond lengths
Our calculated results show that the lattice constants of the alloy obey Vegard's rule, 46 i.e., the lattice constant bowing parameter b a is zero, or
The anion-cation bond lengths averaged over a given type also follow a linear relationship, but their variation as a function of x is much smaller than the variation in lattice constants, i.e., they have nearly the same values as in pure constituents. For example, in Ag x Cu 1−x GaS 2 alloys, Ag-S and Cu-S bond lengths are distinct and close to their ideal values in their ternary AgGaS 2 and CuGaS 2 compounds, respectively. The anion-cation bond lengths as functions of x for the four alloys are plotted in Fig. 5 . We can see clearly that the deviation from the ideal values is within 0.1 Å for all bonds. The conservation of the bond lengths in these chalcopyrite alloys indicates that the ratio of bond-bending over bond-stretching force 47, 48 is small for this system. Some interesting trends of the small bond length variations can also be identified in Fig. 5 . In mixed group I Ag x Cu 1−x GaX 2 alloys, the common Ga-X bond length is almost unchanged with concentration x, whereas the Ag-X and Cu-X bond lengths associated with the mixed group I elements increase with x. This is consistent with the fact that the Ga-X bond lengths are nearly identical in CuGaX 2 and AgGaX 2 , because the local environment surrounding Ga is not changed with the alloy concentration x. In commoncation M I Ga͑Se x S 1−x ͒ 2 alloys, Ga-S and Ga-Se bonds elongate with increasing selenium concentration x, while the bond lengths between the noble metal M I and anions has a much smaller increase with x. This is because the M I -X bond is more ionic than the Ga-X bond, i.e., it has a smaller ratio of bond-bending over bond-stretching force than the Ga-X bond, 47, 48 so its bond lengths are conserved better than the Ga-X bonds. 
B. Optical bowing parameters
Due to the level repulsion between chalcopyrite energy levels in the alloy, the band gap of the alloy has a downward shift from the linear average, which can be described as
where E g is the band gap, and b g is the band gap ͑optical͒ bowing parameter. Note that because the bowing parameters are obtained using the band gap difference, the GGA band gap errors are largely canceled in the calculation.
The electronic band gaps of Ag x Cu 1−x GaX 2 and M I Ga͑Se x S 1−x ͒ 2 at x = 0.25, 0.5, and 0.75 are calculated using the SQS approach as described in Sec. II. We find that all these alloys have direct band gaps. Together with the calculated band gap values of pure ternary compounds, the bowing parameter b g can be calculated at different x according to Eq. ͑10͒. In Fig. 6 , we plot the GGA-corrected band gaps of the alloys as functions of the alloy concentration x. Here, we assume that the GGA band gap error is linear with concentration x. The calculated results are then fitted to Eq. ͑10͒ to get a global bowing parameter also shown in Fig. 6 . Experi- A fitting curve according to Eq. ͑10͒ is also given with the optical bowing parameters b ͑in eV͒ shown in the figure. mental values of the bowing parameters are ϳ0.79 eV for Ag x Cu 1−x GaS 2 , 13 ϳ0.28 eV for Ag x Cu 1−x GaSe 2 , 14 and ϳ0 eV for CuGa͑Se x S 1−x ͒ 2 . 49 Our results are in good agreement with these available experimental values. Moreover, we find that the bowing parameters of mixed-cation Ag x Cu 1−x GaX 2 alloys are significantly larger than those of mixed-anion M I Ga͑Se x S 1−x ͒ 2 alloys. In semiconductor alloys, the optical bowing parameter is usually large if the pure compounds have a large chemical and size difference. 29 The chemical and size difference can be reflected by the valence and conduction band offsets. From Fig. 4 and Table III, we can see clearly that mixedcation alloys Ag x Cu 1−x GaX 2 have larger valence band offset and larger lattice mismatch than mixed-anion alloys, so the optical bowing parameters of mixed-cation alloys are significantly larger. Note that, unlike the chalcopyrite alloys, the mixed anion binary analog ZnSe x S 1−x has a large optical bowing parameter ͑0.50 eV͒ because the band offset in ZnS/ ZnSe ͑0.53 eV͒ is large due to reduced p-d coupling.
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C. Mixing enthalpies
The alloy mixing enthalpy is defined as ⌬H͑x͒ = E tot ͑A x B 1−x ͒ − xE tot ͑A͒ − ͑1 − x͒E tot ͑B͒, ͑11͒
where E tot ͑A͒ and E tot ͑B͒ are the total energy of pure A and B. For the alloys studied in this paper, we find the bowing parameter ͓Eq. ͑8͔͒ for the mixing enthalpy is nearly a constant, i.e., ⌬H͑x͒ = ⍀x͑1 − x͒, ͑12͒
where ⍀ = b E is the so-called interaction parameter. Figure 7 gives our calculated mixing enthalpies ⌬H for the alloys at different concentrations x = 0.25, 0.5, 0.75. The fitted curves and interaction parameters ⍀ are also given in the figure. As we can see, the interaction parameter ⍀ decreases from Ag x Cu 1−x GaS 2 to Ag x Cu 1−x GaSe 2 to CuGa͑S x Se 1−x ͒ 2 to AgGa͑S x Se 1−x ͒ 2 , in the same order as lattice mismatch ⌬a / a: 7.3%, 6.5%, 5.4%, 4.7%, respectively, indicating that strain is the dominating factor in determining the mixing enthalpies. These interaction parameters are relatively small, suggesting that the alloys can easily form at growth temperature.
V. CONCLUSION
In summary, we have calculated systematically the structural properties and electronic band structure of chalcopyrite compounds AgGaS 2 , AgGaSe 2 , CuGaS 2 , CuGaSe 2 , and their alloys, which could have important applications in solid state lighting and solar cells. We show that due to the increased structural and chemical freedom, these ternary compounds have some unusual physical properties. For example, the band gaps of AgGaX 2 are larger than the corresponding CuGaX 2 compounds, despite that the lattice constants of AgGaX 2 are much larger than for CuGaX 2 . The valence band offsets between common-anion pairs CuGaX 2 / AgGaX 2 are large and negative, whereas the valence band offsets between M I GaS 2 / M I GaSe 2 are relatively small. The origin of these band structure anomalies are explained in terms of the atomic size difference between Cu and Ag and level repulsion between anion p and cation d orbitals. The band gap bowing parameters, bond lengths, and mixing enthalpies for the common-anion and common-cation alloys are also obtained and compared with available experimental results. 
